ABSTRACT The radiated electromagnetic disturbance was evaluated by measuring the electric field intensity in a bandwidth of 10 kHz-2.75 GHz near the valve hall, direct-current (DC) area, reactor room, and transformers in a ±320-kV modular multilevel converter-based high-voltage, direct-current (MMC-HVDC) converter station. In addition, the distribution of electric field intensity was analyzed in various regions in the converter station. According to the law of electric fields attenuation with distance, the radiated electric field intensities at the position 200 m away from the converter station was calculated by using the electric fields measured in the converter station. The results show that the levels of radiated disturbance inside and outside the converter station meet the standards' requirements. The amplitude spectra of the electric field intensity in a traditional HVDC system and MMC-HVDC system were compared. Finally, the mechanism for radiated electromagnetic interference of the MMC-HVDC converter system was analyzed from the aspects of disturbance source characteristics, wall shielding and radiated structure.
I. INTRODUCTION
With the development of economy, the intermittence and randomness of power supply and load become increasingly prominent. The distributed power supply and energy storage increase into a large scale, and the proportions of DC load steadily add, therefore the role of power grid is more significant and its form becomes more complex [1] , [2] . MMC-HVDC power conversion technology based on power electronics is widely used in power supply and grid [3] , [4] , such as ±500kV Zhangbei MMC-HVDC project, ±320kV Xiamen MMC-HVDC project and ±200kV Trans Bay Cable MMC-HVDC project in San Francisco. MMC-HVDC technology has obvious advantages in renewable energy, isolated remote loads, power supply to islands, remote small-scale generation, offshore generation, and multi-terminal systems. Therefore, it has become the main development direction of new electric power transmission technologies [5] - [7] .
MMC-HVDC transmission system is mainly composed of insulated gate bipolar transistor (IGBT) converter valve system, converter transformers and reactors [8] , [9] . Different from the traditional DC converter system consisting of thyristors, the switching process of IGBT will produce voltage and current with faster rising edge, wider spectrum and higher amplitude [10] . These rapidly changing voltages and currents form conductive disturbances through conductor loops such as converter valves, converter transformers and reactors, and radiate electromagnetic energy to the outside through the aforementioned parts [11] . Radiated electromagnetic disturbance may affect the communication and protection systems in the converter station as well as sensitive equipment near the converter station. With the improvement of the voltage level and capacity of the MMC-HVDC transmission system, the electromagnetic environment around the converter station has attracted increasing attention. Consequently, it is significant to study the electromagnetic disturbance characteristics of the MMC-HVDC converter station.
At present, the research on electromagnetic disturbance of DC converter system mainly focuses on the traditional HVDC converter system, in which various calculations and measurements have been done [12] - [19] . In the world, there are only a few countries with experience in the design and operation of MMC-HVDC converter station. To our best knowledge there are only few studies done on the EMI aspects of MMC-HVDC. Most of these studies primarily focused on the theoretical calculation [20] - [23] . In a previous study, the measurements were conducted to evaluate the radiated disturbance in a ±35kV MMC-HVDC station [24] . Due to the complicated structure of the MMC-HVDC system and the numerous factors affecting the electromagnetic environment around the station, it is difficult to obtain the overall electric field characteristics of the MMC-HVDC converter station only through calculations. Additionally, there are some IEEE standards for limits and methods of measurement of radiated disturbance [25] - [27] , and there are also many standards which require the measurement of radiated disturbance after the MMC-HVDC station is completed [28] . Consequently, the measurement of electromagnetic environment is necessary to be carried out in the MMC-HVDC converter station.
Therefore, the objective of this study is to measure and analyze the radiated disturbance in a MMC-HVDC converter station. During the operation of the converter station, the electric fields near the converter valve hall, reactor room, converter transformers and DC room were measured, and the characteristics of electric fields near different equipment in the converter station were analyzed. The mechanism was explained from the characteristics of disturbance sources and radiation structures of MMC-HVDC system. The attenuation of radiated disturbance was calculated, and the electric fields at 200 meters met the requirements of CIGRE standard [28] .
II. MEASUREMENTS
A ±320 kV MMC-HVDC converter station was selected because of its availability for the measurement. The station adopts a bipolar connection scheme, and each converter unit has a rated transmission power of 500 MW. The conversion ratio of the overall system is 220 kV (AC) / 166.57 kV (AC) + 160 kV (DC). According to the measurement standard of CIGRE [28] , the background noise in the vicinity of different equipment in the converter station was measured during its outage. 
A. INSTRUMENTATION FOR THE MEASUREMENT
The radiated disturbance due to the MMC-HVDC converter station was measured using a loop antenna, biconical antenna, logarithmic antenna and a spectrum analyzer acting as an EMI receiver. The frequency bandwidths of the test equipment and the CISPR16 RBW [29] are presented in Table 1 . Considering the characteristics of the instrumentation, the measurement frequency bandwidth is 10kHz -2.75 GHz.
B. MEASUREMENT LOCATIONS
The schematic diagram of equipment layout and measurement locations of Pole I in the converter station are shown in Fig. 1 . There are six locations, marked as a,b,c, d, e, f, and locations a to e are 5 m and location f is 30 m from the wall. The measuring point a is located near the bus-bar on the AC side outside the valve hall, the measuring point b is located near the DC side, the measuring point c is located near the reactor room, the measuring point dis located in the middle of the valve hall, and the measuring points e and f are located near the converter transformers. Fig.2 is a photograph of the antenna set at a height of 1.5 m. 
III. RADIATED DISTURBANCE IN DIFFERENT AREAS OF MMC-HVDC CONVERTER STATION
When the converter system was not in operation, the background electric fields were measured near the valve hall, DC area, reactor room and converter transformers. With the system in operation, on the other hand, the overall electric fields were measured at the same locations. All measurements were done outside of the converter buildings. Figure 3 shows the electric fields and background noise near the valve hall measured at location a. The maximum frequency of the radiated disturbance is 400 MHz, Figure 4 shows the electric fields near the DC area measured at locationb. The maximum frequency of the radiated disturbance is 1 GHz, and the frequency bandwidth of strong electric field is mainly below 400 MHz. The maximum amplitude is 102dBµV/m at 16 kHz. Besides, there are several peaks at 24 kHz, 32 kHz, 40 kHz, 48 kHz and 56 kHz as indicated in Fig.4 . The electric fields coincide with the background noise in the frequency range above 1GHz, and the horizontal fields are basically the same as the vertical fields. Figure 5 shows the electric fields near reactor room measured at location c. The maximum frequency of radiated disturbance is 200MHz. The amplitude is 117.5dBµV/m at 16 kHz. Figure 7 shows the electric fields measured at location e. The maximum frequency of radiated disturbance is 1.4GHz. The amplitude is 112.8dBµV/m at 16 kHz. Also, there are several peaks at 12 kHz, 24 kHz, 32 kHz, 40 kHz, 48 kHz, 53.6 kHz 230 kHz and 380 kHz as shown in Fig.7 . The vertical electric fields are stronger than the horizontal electric fields in the frequency range from 100MHz to 1.4GHz. Figure 8 shows the electric fields measured at location f. The maximum electric field is 112.8dBµV/m at 100 kHz. Moreover, there are several peaks at 16 kHz, 50 kHz, 230 kHz and 320 kHz as pointed out in Fig.8 . The vertical electric fields are the same as the horizontal fields.
A. ELECTRIC FIELDS NEAR AC BUS OUTSIDE THE VALVE HALL

B. ELECTRIC FIELDS NEAR DC AREA
C. ELECTRIC FIELDS NEAR REACTOR ROOM
E. ELECTRIC FIELDS AT THE LOCATION 5 M FROM THE CONVERTER TRANSFORMERS
F. ELECTRIC FIELDS AT THE LOCATION 30 M FROM THE CONVERTER TRANSFORMERS
IV. INTRINSIC CHARACTERISTICS OF THE RADIATED DISTURBANCE IN mmc-hvdc CONVERTER SYSTEM A. SPATIAL DISTRIBUTION CHARACTERISTICS OF RADIATED DISTURBANCE
Due to the influence of mobile phone signal base stations, radio stations and other machines, background noise is large in the frequencies of 80 MHz to 100 MHz, 800 MHz to 900 MHz and above 1.8 GHz.
The amplitude of the electric fields and the frequency bandwidth of each region in the converter station are greatly different. The maximum frequency bandwidth of the AC side radiated disturbance reaches 1.4 GHz, and the maximum frequency bandwidth of the DC side disturbance reaches 1 GHz. The radiated disturbance mainly has a frequency bandwidth below 1MHz. When the converter is operating, the electric fields are at least 20dB higher than the background below 500 kHz. Decided by the control strategy of the converter system, the states of sub-modules are refreshed after every 125 µs, and then the corresponding IGBT in sub-modules will turn on or off. Therefore, there are peak values of the electric fields at 8 kHz and multiples of 8 kHz. However, the electric field at 8 kHz cannot be measured since the lowest frequency of the spectrum analyzer is 9 kHz.
The electric fields at typical frequencies are shown in Table 2 . The electric fields at 16 kHz, 24 kHz, 32 kHz, 40 kHz and 48 kHz are the largest near the reactor room, and the electric fields are the largest at 230 kHz and 380 kHz near DC area. The radiated disturbance varies greatly in different equipment areas between 10kHz-1.4GHz, and the order of electric field intensity at different frequency bandwidths is shown in Table 3 , where E tra is the electric field near transformer, E r is the electric field near reactor room, E DC is the electric field near DC side, E valve is the electric field near valve. From Table 3 , it can be concluded that between the frequencies of 36 MHz and 47 MHz, the electric fields near the valve hall are the largest. However, in frequency ranges 150kHz-3.6MHz, 12MHz-36MHz and 47MHz-400MHz, the electric fields near the DC area are the greatest. In 10kHz-150kHz, 3.6MHz-12MHz and 400MHz-1.4GHz, the electric fields near the AC area are the greatest.
B. ATTENUATION CHARACTERISTICS AND STANDARD LIMITS
The electric fields at location f are 40dB less than that of location e at 16 kHz and 20dB-35dB less at 50 kHz-500 kHz. Consequently, the attenuation is obvious. Besides, there is a relationship of electric field in different measuring distance as shown in Equation (1) [28] .
where E 1 (V/m) is the electric field at position 1, r 1 (m) is the distance between the source and position 1, r 2 (m) is the distance between the source and position 2, c(m/s) is speed of light, and f (Hz) is the frequency. The soil attenuation distance d(SA) is defined by Equation (2) .
The height of the converter is h 1 (m) and the height of the receiving antenna is h 2 (m), for good earth ε = 10, σ = 0.001(S/m).
The electric field intensities of each area are mainly concentrated below 400 MHz, and the background noises in the frequencies at 80 MHz-100 MHz are very large. Using the electric fields below 400MHz of valve hall, DC area, reactor room and converter transformers, the radiated disturbance at 200 m from the converter station were calculated by using the Equation (1). The limits of CIGRE 391 guideline and calculated results are shown in Fig. 9 . Consequently, it can be learned that the radiated disturbance of this converter station meets the standard requirements. Figure 10 shows the electric fields and the personnel exposure limits [30] near the converter transformer. The results show that the electric fields in the MMC-HVDC converter station meet the personnel exposure standard requirements. 
C. COMPARISON OF RADIATED DISTURBANCE BETWEEN THE MMC-HVDC AND TRADITIONAL HVDC
Since the structure of the MMC-HVDC converter system differs greatly from that of the traditional HVDC system, there is no identical condition to compare the radiated disturbance characteristic produced by the MMC-HVDC converter valve and that induced by the traditional HVDC converter valve. The measurement results of radiated disturbance of a traditional HVDC converter station are reported in [19] . 
FIGURE 11. Electric fields of MMC-HVDC and traditional HVDC.
The converter station is a back-to-back structure with the voltages of AC 220 kV / DC 120 kV / AC 330 kV. This investigation points out that the frequency bandwidth of radiated electromagnetic disturbance of the traditional HVDC converter station is less than 10 MHz, with the main radiated disturbance is between 150 kHz and 500 kHz. Nevertheless, there is no obvious relationship with the carrying power.
The electric fields near AC 220kV converter transformer in [19] is compared with the measured electric fields near the AC 220 kV transformers in the ±320 MMC-HVDC converter station, and the frequency is in a range of 10kHz to 10MHz. As shown in Fig.11 , the disturbance of the traditional HVDC is stronger in 10kHz-3.7MHz, and the maximum difference of radiated disturbance between the traditional HVDC converter station and that of the MMC-HVDC converter station is approximately 60dB. The electric fields at 4 MHz, 4.9 MHz, 6.1 MHz and 7.3 MHz of the MMC-HVDC converter valve are approximately 10dB -20dB stronger than that of the traditional HVDC. The electric fields in both the systems are similar in 7 MHz to 9 MHz. The radiated disturbance of MMC -HVDC is stronger in 9 MHz -10 MHz, with a maximum difference of 10dB.
In the condition of this investigation, Fig.11 illustrates that MMC-HVDC produces a wider frequency bandwidth of radiated disturbance than traditional HVDC, and the level of its radiated disturbance is smaller in low frequency and larger in high frequency than that of traditional HVDC. In addition, MMC-HVDC radiated disturbance has a typical feature for its frequency peaks that reflect the control strategy of MMC-HVDC system, while traditional HVDC has no typical feature frequency peaks. The reason why the electric field in VOLUME 7, 2019 MMC-HVDC station differs from that of traditional HVDC station will be discussed in the following section.
V. MECHANISM OF RADIATED DISTURBANCE IN mmc-hvdc CONVERTER SYSTEM
The radiated source, shielding measures and radiated structure of MMC-HVDC converter system are different from those of traditional HVDC converter system, which result in the distinction of electric fields. 
A. RADIATED SOURCE
The MMC-HVDC converter system uses IGBT as its switching devices that generate rapidly changing voltage and current. Fig. 12 is a double-pulse test system. Time domain waveforms and spectrums of rising edge and falling edge are shown in Fig.13 . The rising time is approximately 1µs, and the falling time is also approximately 1µs, and the frequency band is 1.5 GHz. There is almost no difference of spectrum between the rising edge and the falling edge, and the maximum at low frequency is 170 dBµV.
Many IGBTs in the MMC-HVDC converter valve turn on or off at the same time, and the amplitude of the high frequency voltage and current generated on the bridge arm is higher after superposition. Therefore, IGBT switching characteristics affect the strength and frequency bandwidth of the radiated disturbance source in the MMC-HVDC converter system. In order to reduce the radiated disturbance, IGBT switching speed could be reduced. This approach may significantly reduce the amplitude and the frequency bandwidth of the radiated disturbance.
B. WALL SHIELDING AND RADIATED STRUCTURE
The intensity of high frequency electric fields on AC side and DC side are larger, which is mainly affected by the wall and the radiated structure of converter valve system.
The wall of the converter valve hall is equipped with shielding measures such as steel wire mesh and sound absorbing board, as shown in Fig. 1 . The steel wire mesh of 5×5mm is laid in the wall around the valve hall as the main shielding measure. The equations [31] for shielding effectiveness of metal mesh are
where Z 0 is the free-space wave impedance, θ is the angle of incidence with respect to the direction normal to the mesh, r is the distance between the source and metal mesh, and Z s is the effective mesh impedance for electric field. σ is the conductivity of mesh material, a is the square wire mesh size, d is the diameter of wire, τ = µσ d 2 /4 ω = 2π f , and I 0 ( * ) and I 1 ( * ) are modified Bessel functions. According to the wall shielding structure, the calculated shielding effectiveness is shown in Fig.14 , and the shielding effectiveness of the valve hall is approximately 20dB-90dB, so the valve hall can play a good shielding role against radiated disturbance. The walls of the reactor room and DC area room are firewalls. As shown in Fig.1 , firewalls, marked as 11, do not have additional shielding measures. Converter transformers are placed in the open air between the two firewalls. Therefore, the shielding effect of the valve hall is the best, and the shielding effects of the reactor room and DC area are poor, and there are no shielding measures around the converter transformers.
The high-frequency voltage and current, generated by all IGBT switches in the converter valve bridge arm, will propagate in the converter system towards the reactor on the AC side and further propagate to the converter transformer. Some of this high-frequency voltage and current will reach the DC bus as well. Ultimately, they will generate radiated disturbance through different structures on the AC and DC sides.
For the AC side, the bridge arm reactor and converter transformer of each phase converge the high frequency voltage and current generated by two bridge arms. The reactor and the transformer have a certain suppression effect on the high frequency signal. The high-frequency voltage and current can transmit to the AC side, then the reactor and converter transformer radiate electromagnetic waves into the space. The firewall in the reactor room has a certain shielding effect, while there is no shielding measure at the periphery of the converter transformer. Therefore, the frequency bandwidth of the electric fields at the reactor room is lower than that of the converter transformer side for frequencies above 150kHz. The firewall of the reactor room reduces the intensity of the radiated disturbance near the reactor, leading to lower electric field intensity than that of near the converter transformer.
For the DC area, the DC room firewall has a certain shielding effect, so the frequency bandwidth of radiated disturbance near the DC room is smaller than that of the converter transformers. The high-frequency voltage and current generated by the three bridge arms propagate to each DC bus. Although the flat-wave reactor has weakening effects on the highfrequency signal, the grounding electrode does not have a reactor, so the DC bus has the largest source of disturbance. The DC bus-bar has the strongest source of disturbance, and the DC area firewall weakens the DC side radiation intensity and frequency bandwidth. In addition, there are few devices in the DC room and no large devices hinder the propagation of electromagnetic waves, so the electric fields near DC are the highest in 47MHz-400 MHz.
For the valve hall, location a and e are close to a bridge arm, so that the radiated disturbance is mainly affected by the bridge arm. Here, the main radiated structure of the bridge arm is the connection bus-bar between sub-modules. The bridge arm near the measuring location has blocking effects on the radiated disturbance induced by other bridge arms. Because the shielding effectiveness of the valve hall is also good, radiated electromagnetic disturbance level outside the valve hall is relatively low.
The converter transformer gathers the disturbance sources of the two bridge arms, where there is no shielding measure nearby. Consequently, the frequency bandwidth of the radiated disturbance near the transformer is the broadest, and the electric field intensity in some frequency bandwidth is the strongest.
VI. CONCLUSION
In this investigation it was found that the radiated disturbance frequency bandwidth of the MMC-HVDC converter system reaches 1.4 GHz, and the radiated disturbance intensities are different in different areas of the station. The electric fields near the valve hall are the strongest in the frequency bandwidths of 36MHz-47MHz. The electric fields near DC area are the strongest in the frequency bandwidths of 150 kHz-3.6MHz, 12MHz-36MHz and 47MHz-400MHz. The electric fields near AC area are found to be the strongest in frequency ranges of 10kHz-150kHz, 3.6MHz-12MHz and 400MHz-1.4GHz.
Radiated disturbance of MMC-HVDC converter system has the particular frequency peaks reflecting control strategy. 8 kHz is the control frequency of ordering the IGBTs' operation, so there are peak values of the electric fields at 8 kHz and multiples of 8 kHz, while the traditional HVDC does not have these characteristic frequencies.
Excluding the influence of environmental factors, the radiated disturbance of the ±320 MMC-HVDC station meets the requirements of the electromagnetic environmental standard limits at 200m. The electric field intensities measured in the converter station meet the requirements of the personnel exposure limits.
Compared with the traditional HVDC converter station, the ±320 MMC-HVDC station has a wider radiated disturbance frequency bandwidth. The radiated disturbance of the MMC-HVDC is less in 10kHz-3.7MHz, and the maximum difference of radiated disturbance between the two types of converters is approximately 60dB. The electric fields at 4 MHz, 4.9 MHz, 6.1 MHz and 7.3 MHz of the MMC-HVDC are found to be approximately 10dB-20dB stronger than that of the traditional HVDC, while the electric field intensities for both are similar in 7 MHz to 9 MHz. The radiated disturbance of MMC-HVDC is stronger in 9MH-10MHz, with a maximum difference of 10dB.
The shielding wall of the hall effectively reduces the radiated disturbance around the valve hall, and the design of electromagnetic shielding in the ±320 MMC-HVDC converter valve hall meets the requirements. 
